The most unusual aspect of Byzantine Constantinople's water system was the large number of cisterns throughout the city. This research integrates the two most recent in-depth studies of the cisterns to determine that there have been at least 211 cisterns attributed to the Byzantine city. The distribution of the cisterns indicates that the size and number of cisterns constructed reduced over time, with more and larger cisterns developed prior to the 7th century. Cisterns are concentrated in the older area of the city and sparser on the periphery, but with later ones more common in the peripheral areas, suggesting that water provision was extended over time, and although the majority of cisterns are small, most storage volume is concentrated in the three largest open-air cisterns. The extended, detailed list produced will allow more in-depth investigations to proceed. Analysis of the distribution of cisterns across the city creates a framework for understanding the development and functioning of Byzantine Constantinople's complex water supply system.
infrastructure investment switched from water collection structures outside the city to major cisterns within the city walls.
In modern times, the number of cisterns found and recorded has grown considerably. Gilles (Byrd ) described nine cisterns, some still in use, during his time in the city in the 1540s. The first attempt to systematically Despite these publications, even recent works, such as Mays () , state the number of known cisterns in the city at around 70.
As the number of cisterns known within the city has grown it has become clearer that the cisterns were central to Constantinople's water supply strategy. In fact the number of cisterns within the city is higher than even the most recent studies concluded. At first glance, the studies of Crow et al. () and Altuğ(), despite using different methods for compiling their lists, appear to agree that there are around 160 Byzantine-era cisterns within the city. The bibliographical concordance in Crow et al. (, lists cisterns collected from previous studies going back to the 16th century, whereas the catalogue of Altuğ() comprises cisterns that either still exist or have firm records and can be mapped precisely. When these two works are compared, it is clear that not all cisterns feature on both lists, some being unique to one or the other.
The combination of the two sources has revealed that there is evidence of at least 211 Byzantine-era cisterns in Istanbul.
Of the 211 entries, 97 were present on both lists, 61 were exclusive to Altug's catalogue and 53 were exclusive to the concordance of Crow et al. () .
Our understanding of the water supply system is still at an early stage, but with this expanded dataset we are able to begin exploring the role of the cistern within the city, provide a foundation for future investigations and raise some of the questions that can be asked about the water supply system as a whole.
DEVELOPMENT OF CISTERN TECHNOLOGY
Cisterns are an old technology with examples dating to the Neolithic Age. Typically these cisterns were small in scale and collected rainwater in a domestic setting (Mays et al. ; Angelakis & Spyridakis ) . This type of cistern was also used through the Roman era, often built into the structure of a house with the roof acting as a catchment.
In the Roman era larger cisterns start to be constructed, often associated with high-demand users where the constant flow from the aqueduct would be insufficient to meet shortterm supply needs, such as the Piscina Mirabilis (12,600 m³), However, it is in Constantinople that we appear to see the store-and-manage approach deployed across an entire city. The cisterns in Constantinople exist at scales far beyond the domestic rainwater-harvesting cisterns of Greece and in numbers far beyond those of North Africa.
In Constantinople we believe that the cisterns formed a unique storage and distribution system that would have required significant operation and management to be successful.
CISTERNS IN CONSTANTINOPLE
Our longer list of cisterns, along with the collated data on dimensions and construction period enable us to reflect on what can now be surmised about the water supply in Constantinople.
Rainwater harvesting
Although the source of water for the cisterns of Constantinople is unverified, it is highly likely that the cisterns were fed by the two aqueducts rather than by rainwater harvesting (Crow et al. , . The majority of cisterns in the city are far larger than those typically associated with rainwater harvesting; only 14 cisterns are known to have a volume less than 100 m³ (see the section below on the distribution of volume of cisterns). The collection areas required for the larger cisterns would be colossal, but the topography of the city, with steeply sloping spurs, and the location of cisterns, generally high up the slope, reduce the available collection area. The tendency for cisterns to be found in clusters also reduces the available collection catchment per cistern. Rainwater is likely to have been the primary source of water for the smallest cisterns in the city which we can assume are domestic cisterns not to be associated with the wider network. Rain may also have provided a secondary source of water for some larger cisterns where roof and courtyard surfaces could be conveniently channelled.
A full calculation of rainwater harvesting potential is outwith the scope of this paper but with annual rainfall of between 630 and 730 mm estimated for the Antique period (these estimates are from a preliminary unpublished Macrophysical Climate Model study) and an estimated population of 360,000 (Jacoby ), the entire historic peninsula at approximately 13.4 million m² would only be able to provide 64 litres/person/day. Of course, the cisterns would only collect a fraction of the rain falling on the city, not all of it. As soon as we start to make this calculation more realistic (by reducing the area available for collection, assuming some losses of rainfall and taking into consideration seasonal variation) the water available per capita becomes unfeasibly small. The enormous investment represented by the cisterns was not to enable the city to just struggle along but in order to let it flourish. To do that, the cisterns must have been fed by the aqueducts. indicates that at least one of the aqueducts extended this far.
Many of the new cisterns from Altug's catalogue are located on the south side of the city, where few cisterns were previously known. These finds confirm the notion that cisterns were present throughout most parts of the city.
From Figure 2 it is apparent that there is a greater concentration of cisterns around Hills One and Two, the oldest area of the city, where the population was likely to be the highest. We know that some households had piped Studies of Constantinople's water supply can provide historians and archaeologists much insight about both everyday life in the city and the ability to use and manage technology for the benefit of citizens. The records on cistern construction period are currently basic and dimension data are only partial and unlikely to be improved much in the future. However, we are able to make some key inferences:
• The location of many cisterns on the high ground near the top of the ridge and the clustering of cisterns together substantially reduces the available collection catchment and effectively eliminates the possibility that the cisterns relied on rainwater harvesting for their primary water source. • The distribution of cisterns in terms of location and volume suggests a complex network of storage and distribution that would have required active management to operate successfully.
• The distribution of cisterns through time illustrates a city that altered and adapted its water supply system throughout the 1,000 years that it served the population of Byzantine Constantinople.
Our exploration of the full set of cistern data also allows us to pose a number of questions which will be central to developing a full understanding of the water supply system in Constantinople:
• Why did Constantinople make such extensive use of cisterns compared with other cities in the Roman world?
• Given the number of decisions that would need to be made to divert water into the cisterns and store it there, how was this complex network managed and operated?
• How might the enormous volumes of water in the three 'extra-large' cisterns have been used?
The research programme 'Engineering the Byzantine water supply: procurement, construction and operation'
will use an engineering perspective to answer questions of interest to archaeologists. The conclusions drawn in this paper and the up-to-date catalogue of 211 Byzantine-era cisterns will now feed into further work on the development of theoretical water networks and create further lines of enquiry into the archaeological and historical sources.
Networks which connect cisterns, aqueducts and the population are now being developed to enable a more in-depth investigation into how the cisterns affected life in the Byzantine City of Constantinople.
